We present a study using several techniques of the growth of decanethiol monolayers deposited on singlecrystal gold surfaces. Through independent measurements of coverage, energetics, and structure as a function of the growth rate and temperature, we provide a quantitative, in-depth description of the molecular processes by which these aliphatic molecules ''self-assemble'' into highly ordered structures in the absence of a solvent. We find that the multiple-energy scales present in these systems produce distinct adsorption mechanisms, structures, and growth regimes, indicating a complexity that is likely to be a general characteristic of this broad class of self-assembling systems. ͓S0163-1829͑98͒03019-7͔
Self-assembly is a widely observed phenomenon in natural systems, 1 and is also a materials processing route by which materials with ''predesigned'' functions and length scales can be formed through the self-organizing tendencies of the molecular components. 2 As such, it is a potentially important method in materials science providing a flexible alternative to lithography as a versatile technique for the creation of novel materials. 3 Monolayers of long chain molecules self-assembled on single-crystalline surfaces ͑SAM's͒ ͑Refs. 4 and 5͒ are ideal systems to study the process of molecular self-organization from a fundamental perspective. This class of materials contains most of the characteristics common to other self-organizing systems, such as cell membranes and Langmuir monolayers ͑e.g., asymmetric interfacial binding, a large number of conformational degrees of freedom, and the important presence of van der Waals interactions͒. At the same time, the presence of a crystalline substrate provides the stability required for growth studies where the system's structure can be quantitatively characterized. While much is known about the many structures that SAM's adopt, [4] [5] [6] [7] [8] relatively little is known at the molecular level about the assembly process. 9, 10 Equally little is known about the degree to which these processes reflect thermodynamic vs nonequilibrium behavior, since most previous quantitative growth studies have used either ''macroscopic'' or indirect ͑i.e., spectroscopic͒ probes of the growth process. [11] [12] [13] [14] [15] In this work we synthesize the results obtained with diffraction-based techniques, which provide a direct and quantitative measure of the evolution of structure and order, with independent measurements of coverage and adsorption energetics to provide a comprehensive description of the processes involved in self-assembly. We have chosen to study decanethiol ͓CH 3 ͑CH 2 ͒ 9 SH, or C10͔ on Au͑111͒ surfaces since it is one of the most thoroughly characterized SAM systems, 4, 6, 8, 16, 17 and therefore represents one of the best opportunities for a quantitative understanding of the equilibrium and kinetic aspects of the self-assembly process.
We have chosen to grow the films in ultrahigh vacuum via vapor phase deposition 7, 8, 10 since this allows us to follow the molecular-level growth process in situ with a range of complementary techniques including grazing incidence x-ray diffraction ͑GIXD͒, low energy He atom diffraction ͑LEAD͒, He atom reflectometry ͑HAR͒, and x-ray photoelectron spectroscopy ͑XPS͒. The GIXD and XPS measurements were performed at the X10B and X24A beamlines, respectively, at the National Synchrotron Light Source. We use wellcharacterized single-crystal Au͑111͒ substrates 8, 9 since we are interested in understanding the intrinsic behavior of the system. The close similarity in the growth properties as determined by the x-ray and He atom based techniques ͑the latter being entirely nondestructive͒ demonstrates that none of the behavior discussed below is affected by x-ray exposure.
To provide an overview of the growth processes, in Fig. 1 we follow the evolution of a C10 monolayer adsorbed from the vapor phase ͑at room temperature͒, through four orders of magnitude of thiol exposures. 18 XPS data of the evolution of the S-K(1s) photoelectron yield ͓Fig. 1͑a͔͒ demonstrate that the adsorption of C10 is well-described by a two-stage process in which an initial monolayer phase is rapidly formed, followed by a much slower evolution to monolayer completion. 19 Parallel measurements ͑not shown͒ of the evolution of the Au-M v (3d 5/2 ) photoelectron yield exhibit a similar evolution, but in which the photoelectron yield decreases at each of the two stages of growth. Together, these FIG. 1. ͑a͒ The vapor phase deposition of decanethiol on Au͑111͒ is shown through XPS, LEAD, and GIXD at 25°C. The XPS data (hϭ3136 eV) reflect both changes in the C10 coverage and the attenuation through the hydrocarbon layer ͑when the hydrocarbon chain ''stands up'' in the IP and C phases͒ through the S(1s) photoelectron peak (E b ϭ2472 eV). The GIXD and LEAD data show the integrated intensity of the striped and C(4ϫ2) diffraction peaks found at Q ʈ ϭ0.40 and 1.452 Å Ϫ1 , respectively. The resulting structural evolution is shown in the schematic. ͑b͒ Evolution of the LEAD diffraction spectra vs exposure. The Bragg peaks noted by S ͑striped͒ and C ͓C(4 ϫ2)͔ were used in ͑a͒. No diffraction is observed in the LEAD data for exposures between ϳ300 and ϳ1000 L. data clearly demonstrate that the observed adsorption process is driven by the evolution of molecular coverage and is not an artifact of changes in the molecular orientation or conformation. Fitting these data to a two-step Langmuir kinetics of the form A 1 exp(Ϫt/ 1 )ϩA 2 exp(Ϫt/ 2 ), we find that 1 ϭ7.2 L and 2 ϭ3750 L. Low-energy atom diffraction ͑LEAD͒ data in Fig. 1͑b͒ demonstrate that the structure following the first rapid adsorption process ( 1 ) is that of a ''striped'' phase ͑having an 11ϫͱ3 unit mesh͒, which has been observed to be the stable low coverage phase at room temperature. 6, 8 In this phase, the molecular axis is believed to lie flat on the Au͑111͒ surface, having an ideal coverage of 0.27 ML (1 ML ϭ4.6ϫ10
14 mol/cm 2 ). At higher exposures, both GIXD and LEAD reveal that the second, ϳ500 times slower, time constant ( 2 ) is associated with the formation of the denser ͑''standing up''͒ phase, a C(4ϫ2) superlattice of the close packed hexagonal (ͱ3ϫͱ3)R30°structure. This phase nucleates and grows with a Langmuir-like evolution to completion (⌰ϭ1 ML), as is evident in the XPS, GIXD, and LEAD data. It might be expected that the C(4ϫ2) phase would form for any coverage exceeding the ideal striped coverage ͑0.27 ML͒. Instead, the LEAD data clearly show that the striped phase disorders as the exposure is increased above ϳ300 L, and that the C(4ϫ2) phase nucleates only for exposures of Ͼ1000 L. That is, adsorption beyond the striped phase's ideal coverage ͑0.27 ML͒ apparently disrupts the molecular order of the stripes ͓as has been independently observed with STM ͑Ref. 10͔͒, but is insufficient to induce the nucleation of the denser C(4ϫ2) phase. This suggests that additional structures may coexist at intermediate coverages between the striped and C(4ϫ2) phases, 20 which, for simplicity, we refer to as the ''intermediate'' phase ͑IP͒.
There has been discussion in the literature concerning long term reorganization processes, 21 in which it is believed that the time scale for molecular organization ͑e.g., removal of gauche defects from the hydrocarbon chains͒ is significantly longer than the time scale for adsorption, as has been reported for the longer chain length C22/Au͑111͒ system. By independently measuring both the coverage and structure during monolayer evolution, we find that the evolution of the system studied here, C10/Au͑111͒, is instead described as a series of well-defined transitions as a function of coverage ͑see also the discussion of phase behavior below͒. Consequently, the coverage evolves through the coexistence of discrete phases, and not through a continuous variation in the local monolayer structure ͑e.g., the tilt angle͒. Furthermore, real-time kinetic measurements 9 clearly show that the monolayer evolution in the coverage range of 0.47р⌰р1.0 ML ͑where these long term reorganization processes are expected to be observed 21 ͒ can be described by a single temperaturedependent growth rate ͑even at relatively fast growth rates and low substrate temperatures, where it might be expected that the rate of internal organization might become slower than the adsorption rate͒. 9 Therefore, we find no evidence that long term reorganization is an intrinsic characteristic of the vapor phase growth of C10/Au͑111͒.
A key to understanding the monolayer evolution during growth can be found through the adsorption thermodynamics as a function of chain length, n. Using He atom reflectometry as a surface specific probe of the coverage as a function of temperature, we have measured the systematic variation of the physisorption and chemisorption energies ͑E ph and E ch , respectively͒ of thiols and alkanes on Au͑111͒. 22 In Fig. 2͑a͒ , we show a typical HAR-detected thermal desorption spectrum for C8/Au͑111͒ in the low coverage regime. The data clearly show two peaks demonstrating the presence of two distinct adsorption states. While a full description of the adsorption thermodynamics will be presented elsewhere, 22 the systematic variation of these data as a function of hydrocarbon chain length ͓Fig. 2͑b͔͒ clearly shows that the highertemperature desorption peak in Fig. 2͑a͒ is independent of the chain length ͓solid line, Fig. 2͑b͔͒ and therefore can be associated with the strength of the S-Au bond of the chemisorbed species. In contrast, the lower-temperature peak depends linearly with chain length as expected for a physisorbed species ͓dotted line, Fig. 2͑b͔͒ . This interpretation is   FIG. 2. ͑a͒ Temperature programmed desorption ͑TPD͒ of C8/ Au͑111͒ as measured by He atom reflectometry ͑HAR͒. Upon thermal desorption of an adsorbed molecule, the raw HAR signal increases in a stepwise fashion ͑due to the high surface specular reflectivity of the bare gold surface͒. The data shown are the derivative of the raw HAR signal as a function of temperature, which are directly comparable to traditional TPD data. The data clearly exhibit two distinct desorption peaks at T ph ϭ310 K and T ch ϭ480 K, due to desorption of the physisorbed and chemisorbed species, respectively. ͑b͒ The chainlength dependence of the n-alkyl thiol and n-alkane desorption energies ͓derived from data similar to those in ͑a͔͒. The lines are a best fit to data for a range of chain lengths ͑2рnр22 for thiols and 6рnр12 for alkanes͒. The chemisorption energy is found to be constant over the measured range, while the physisorption energy depends linearly upon the hydrocarbon chainlength, n. The full details of this technique and the data processing are described in Ref. 22. confirmed by the dashed line ͓Fig. 2͑b͔͒, which is the measured dependence of the desorption energy for simple alkane molecules ͑which only physisorb͒. For C10, we find that these desorption energies are E ph ϭ1.1Ϯ0.05 eV and E ch ϭ1.28Ϯ0.05 eV, which show that both of these molecule-substrate interactions are significantly stronger than the intermolecular interactions ͑e.g., the bulk heat of vaporization is 0.68 eV͒. They also demonstrate a unique characteristic of this system: the physisorption energy, which is generally expected to be weak ͑and is proportional to the hydrocarbon chainlength͒, is actually comparable to the chemisorption energy for chain lengths above nϭ10.
In view of the above, at the initial stage of growth ( 1 ) the physisorbed phase in contact with bare Au at room temperature will quickly saturate, and therefore the coverage of physisorbed molecules will be insensitive to changes in pressure and temperature. We believe that these physisorbed molecules then convert to the chemisorbed state, resulting in the observed striped phase ͑see Fig. 1͒ . In the second stage of growth ( 2 ), using GIXD and LEAD we have found that the formation of the C(4ϫ2) phase is a physisorption mediated process, 9 which we believe is due to a second, more weakly bound, physisorbed precursor that exists in the presence of the chemisorbed striped phase.
Having demonstrated that multiple phases are present in the growth process, we now address the relationship between the equilibrium phase behavior and the evolution of order during growth. A systematic exploration of the coveragetemperature (⌰,T) phase diagram ͑see Fig. 3͒ can be obtained using GIXD through both equilibrium measurements ͑as a function of temperature at a given coverage͒ and realtime kinetic measurements ͑as a function of exposure at a given temperature͒. In order to convert the experimental exposure to coverage, we have made use of the simple proportionality between the GIXD integrated intensity and the coverage of a given phase ͓in this case the C(4ϫ2) phase͔, 23 the observation of two-time constants in the XPS data ͑Fig. 1͒, and the more extensive data on the adsorption kinetics described elsewhere. 9 We find excellent agreement between the phase boundaries as derived through the kinetic and equilibrium measurements, which implies that these results reflect the intrinsic behavior of the system.
From the (⌰,T) phase diagram in Fig. 3 , we see that the coverage at nucleation of the C(4ϫ2) phase is 0.47 ML. Since the ideal coverage of the striped phase is 0.27 ML, this further supports the notion of an additional ''intermediate'' phase͑s͒ prior to nucleation of the C(4ϫ2) phase ͑see Fig.  1͒ . These data also show that the melting temperature of the C(4ϫ2) phase depends strongly and nonmonotonically upon the coverage: while the complete monolayer (⌰ ϭ1 ML) begins to melt at ϳ90°C, the melting temperature for coverages of ⌰ϳ0.5 ML is reduced to ϳ20°C. The melting temperature of the striped phase (⌰ϭ0.27 ML) has also been investigated by GIXD, in which we find that T M ϭ100Ϯ5°C. These melting temperatures are all significantly higher than that found for bulk decanethiol, 24 T M ϭϪ26°C, as well as other physisorbed alkane monolayer systems. 25 The existence of different stability regions has, of course, important consequences for the growth process. In Fig. 4 , we plot the evolution of the two-dimensional coherence length ͑i.e., domain size͒ as a function of coverage ͑measured in real time during growth with GIXD͒. We find that there are two distinct types of behavior that occur as a function of the substrate temperature. In the high-temperature (TϾ15°C) regime, the coherence length saturates at a substrate-limited ϳ2000 Å almost as soon as the C(4ϫ2) phase is observed. This behavior is indicative of a high degree of molecular mobility during growth, and is characteristic of true equilibrium growth conditions. In contrast, at low temperatures (T Ͻ15°C) the coherence length increases monotonically and slowly during growth and saturates at a significantly lower value, which is instead indicative of a nonequilibrium growth process. Surprisingly, the evolution of the coherence length below 15°C is independent of the growth rate in the regime studied ͑see Fig. 4͒ , which demonstrates that surface diffusion and/or molecular reorganization are not rate-limiting processes in this regime.
The observed domain size evolution below 15°C is welldescribed by a model ͑solid line, Fig. 4͒ in which a fixed number of islands grows monotonically in size. These observations, coupled with the equilibrium (⌰,T) phase diagram in Fig. 3 , suggest that these two growth regimes are due to the presence or absence of a melted phase during growth. 26 Above 15°C the liquid phase provides a medium for molecular exchange between islands allowing the islands to grow ͑e.g., through Ostwald ripening͒, while below this temperature no liquid phase is present, molecular exchange between islands is eliminated, and the islands are stable once formed. Therefore, it is the (⌰,T) phase behavior ͑and not diffusion or internal conformational changes͒ that provides the first deviation from ideal equilibrium growth behavior. The fact that the widely used room-temperature growth conditions are located in the higher temperature regime is possibly one reason that C10/Au͑111͒ is a well-behaved, highly ordered, ''model'' SAM system.
It is interesting to note that it is the coverage-dependent melting behavior, T M (⌰) ͑and specifically the large depression of the melting point for ⌰Ͻ1͒ that makes it possible to form highly ordered monolayers even at room temperature. That is, the intrinsic difference in thermodynamic stability between partially formed and completed structures allows the material to remain ''soft'' and responsive until just prior to completion, at which point it becomes more ''rigid'' and locked-in, as has been observed in the viscoelastic properties of the thiol/Au system. 13 This thermodynamic behavior is characteristic of many adsorbed systems ͓e.g., N 2 /graphite, where T M (⌰ϭ1)ϭ80 K ͑Ref. 27͔͒, where the melting point depression, T M (⌰), has been shown to be related to the entropy of the high-temperature phase. The overall similarity to the behavior shown in Fig. 3 suggests that entropic contributions ͑e.g., from configurational entropy, and conformational entropy due to gauche defects͒ also play an important role in the SAM thermodynamics, and may be related to our observation of a liquid phase of chemisorbed thiol molecules at temperatures as low as ϳ20°C ͑for ⌰ϳ0.5 ML͒. This also suggests that it may be possible to ''engineer'' the thermal response of these systems over a wide temperature range through changes in the entropic contributions due to ''rigidity'' of the molecular axis ͑i.e., increasing rigidity should result in increased thermal stability͒.
In summary, we have found that the primary difference between molecular self-assembly and the growth of ''simple'' ͑e.g., atomic͒ adsorbates is apparently in the multiple energy scales present in this system ͑due to physisorption, chemisorption, and molecule-molecule interactions͒, which are then reflected in numerous adsorption mechanisms, structures, and growth regimes. We expect that the detailed growth behavior will undoubtedly depend upon a range of variables such as the growth environment ͑e.g., with and without solvent͒, the molecular rigidity, and possibly even the headgroup-substrate chemistry. Yet, we expect that the richness and complexity that we report here for vapor deposited monolayers should be indicative of the typical behavior of this general class of materials, and underlines the need for molecular-level studies as the fundamental basis for understanding the growth processes in these systems.
Note Added in Proof. More extensive measurements of the initial nucleation and growth of C20/Au͑111͒ has been performed with LEAD ͓P. Schwartz, F. Schreiber, P. Eisenberger,and G. Scoles ͑unpublished͔͒.
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